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Abstract-1. In keeping with other reptiles, core temperature of the lizard Physignathus lesueurii responds more 
rapidly to a step function increase in temperature than to a corresponding decrease.  
2. Observations on twelve species (five families) of non-Chelonian reptiles heating and cooling in air and 
water show that strongly predictable relationships exist between thermal time constants and body size. Chelonia 
show a different pattern. 
3. These observations are compared with the predictions of a simple model which, although not sufficiently 
complex to simulate physiological changes, provides insight into the relative importance of the physical and 
biological factors which underlie the observed relationships. 
 
INTRODUCTION 
It is now well established that behavioural and physiological mechanisms enable reptiles to exert considerable 
control over body temperature (see reviews by Templeton, 1970; White, 1973}. Evidence for physiological 
control derives mainly from measurements of the time course of changes in core temperature in response to step 
function changes in ambient temperature (see references cited in Tables 2 and 3). These studies have shown a 
marked hysteresis between rates of heating and cooling, indicating physiological control over the overall 
thermal conductance. See Bakken (1976a) for a discussion of thermal conductance. That changes in the overall 
thermal conductance result from changes in peripheral perfusion was inferred originally from observations of 
changes in heart rate during heating and cooling (Bartholomew & Tucker, 1963). More recently these putative 
alterations in peripheral blood flow have been confirmed by direct measurement on Amblyrhynchus cristatus 
(Morgareidge & White, 1969) and Crocodylus johnstoni (Grigg & Alchin, 1476). Increased thermal 
conductance during heating is thought to decrease the amount of time a reptile need spend basking. Decreased 
thermal conductance extends the time for which core temperature exceeds ambient temperature, prolonging 
active periods. 
The aim of most work so far has been confirmation of changes in thermal conductance during heating and 
cooling in a wide variety of reptiles, yet there have been few comparisons between species. Indeed, many 
authors have previously presented rates of heating and cooling as temperature change per unit time (˚C min-1) 
and this discourages comparison. Because the change in core temperature in response to a step function change 
in ambient temperature is not linear but exponential, the rate of temperature change is itself time dependent. 
Data presented in this way are comparable only between experiments in which step functions are of equal 
magnitude, and this places severe restrictions on direct comparisons between data gained by different 
experimental methods. 
Comparison of rates of heating and cooling between species and between experiments is facilitated by 
expressing the data as the time constant of the exponential rate of heating or cooling, τ (Strunk, 1971; Spotila et 
al., 1973; Bakken & Gates, 1975; Bakken, 1976b; Smith, 1976). Use of the thermal time constant suffers from 
none of the disadvantages discussed above. Stated simply, the thermal time constant is the time for core 
temperature to change by 63% of the differential between core temperature and ambient temperature at any 
particular time during the exponential approach of core temperature to ambient temperature. As such, the time 
constant is independent of the magnitude of the temperature step and remains constant with time during the 
response. Smith (1976) has given a useful discussion of the practical uses of τ and the ways in which data 
previously reported in other ways can be re-calculated as τ. 
The aim of this paper is to present some new data on Australia's Eastern Water Dragon, Physignathus 
lesueruii, and some generalizations about the relationships between size and thermal time constants of reptiles 
heating and cooling in water and in air. 
 
 
METHODS 
(a) Heating and cooling in Dragons 
Six Eastern Water Dragons were chosen representing a size range (141-588 g) from which data on rates of heat-
ing and cooling in water are lacking for other reptiles. In an experiment, an animal was placed in a glass 
cylinder held at 45˚ to the horizontal and water from either a warm (33˚C) or cool ( 12˚C) reservoir was pumped 
to the cylinder, always at a constant flow rate. The level of water was kept constant high on the animals head and a 
rapid change of temperature from warm to cold or cold to warm could be effected easily. Deep cloacal and ambient 
temperatures were recorded using a telethermometer with thermistor probes (Yellow Springs Instrument Co.) and a 
chart recorder (Rikadenki Kogyo Co. Ltd). At the start of an experiment an animal was equilibrated to either cold 
or warm water. Water temperature was then changed rapidly and the response of core temperature recorded. The 
natural logarithm of the difference between core temperature and ambient temperature was plotted against time 
from initiation of the temperature step. The thermal time constant was then calculated from the slope of a straight 
line fitted to the data. 
 
Table 1. Thermal time constants of the responses by Water Dragons Physignathus lesueurii to step function increases and 
decreases in water temperature 
Animal Sex Weight (g) 
τ 
(heating) 
(min) 
t 
(cooling) 
(min) 
τ heating 
t cooling 
A F 141 2.64 3.60 0.71 
B M 174 2.52 3.65 0.69 
C F 267 5.40 7.89 0.68 
D M 290 3.76 4.90 0.77 
E M 373 4.60 6.66 0.64 
F M 583 5.05 7.88 0.64 
 
 (b) Comparison of thermal time constants between species 
Thermal time constants were calculated from data presented in the papers listed in Tables 2 and 3, using 
relationships summarized by Smith (1976). In these studies data were gathered by a wide variety of experimental 
methods, particularly with respect to step size and air flow. No data have been included from those few 
experiments carried out at zero air flow. This decision is based on Weathers (1470) who showed that, in 
Dipsosaurus dorsalis rates of heat loss increased dramatically with only a small increase in air flow above zero, 
but that with further increases the effect was less severe (see also Fig. 6). 
 
RESULTS 
(a) Heating and cooling in Dragons 
The results, presented in Table 1, confirm that in keeping with other reptiles, core temperature of the Eastern 
Water Dragon responds more rapidly to a step function increase in temperature than to a corresponding 
decrease. In each of the six cases, the time constant of the cooling response exceeded that of the heating 
response. There is a strong positive correlation between thermal time constant and body mass (see the relevant 
data in Fig. 1 and Discussion. Item c), except for animal C whose response seems anomalous. The ratios of time 
constants for heating and cooling (τh/τc) are given in Table l and there is a negative correlation with increasing 
body mass. The significance of this ratio and its implications will be discussed later. (b) Relationship between 
thermal time constant and body size 
(i) "Lizard-shaped" reptiles. Results from reptiles other than Chelonia and snakes are shown 
graphically in Fig. 1. The results represent information on nine species from four families heating and cooling in 
air, and five species (three families) heating and cooling in water. Data on rates of heat gain or loss in water are 
reported only for species whose life style is at least partially aquatic. The regression equations are as follows: 
Heating in air, 
ln τ=0.72+0.36 ln M (τ = 0.86) 
 
Cooling in air, 
ln τ=0.42+0.44 ln M (τ2 = 0.93) 
 
Heating in water, 
ln τ=-2.11+0.61 ln M (τ2 = 0.97) 
 
Cooling in water, 
ln τ=-2.07+0.66 ln M (τ= 0.98) 
 
where τ = thermal time constant (min) and M = body mass (grams). 
To facilitate comparisons. Fig. 2 provides a summary. The slopes for heating and cooling in air are 
significantly different (P < 0.01) while those for heating and cooling in water are not (P > 0.05). 
(ii) Chelonia. Data from six species of Chelonia are presented in Fig. 3 in which regression lines derived 
from experiments on "lizard-shaped" reptiles are included for comparison. Regression equations for Chelonia 
were not determined as data are available for only a limited size range. 
It is of interest that turtles may cool faster than they heat (Spray & May, 1972). This has been seen in 
Crocodylus johnstoni also (Grigg & Alchin, 1975). The significance of these departures from what is regarded 
as the typical reptilian pattern remains to be determined. Data from these experiments are not included. 
 
 
 
Fig. 1. Relationships between the thermal time constant, τ, and body mass in grams of "lizard-shaped" reptiles heating and 
cooling in air and in water. 
 
 
 
 
 
 
 
 
Table 2. Source. and experimental conditions under which thermal time constant was determined in thirteen species of 
"lizard-shaped" reptiles 
Species No. of individuals Experimental conditions Source 
Varanus gouldi 4 Air only (flow 230-300 cm s-1) Bartholomew & Tucker (1964) 
Varanus varius 3 Air only (flow 230-300 cm s-1) Bartholomew & Tucker (1963) 
Varanus punctatus 1 Air only (flow 230-300cm s -1) Bartholomew & Tucker (1964) 
Varanus acanthurus 1 Air only (flow 230-300 cm s-1 Bartholomew & Tucker (1964) 
Tiliqua scincoides 2 Air only (flow 136-156 cm s-1) Bartholomew. Tucker & Lee (1965) 
Amphibolurus barbatus 4 Air only (flow 58 and 240 cm s-1) Bartholomew & Tucker (1963) 
Dipsosaurus dorsalis Many Air only (flow 45-200 cm s-1) Weathers (1970)  
Amblyrhynchus cristatus 4 Water only Bartholomew (1966)  
Crocodylus porosus 4 Water only Boland (1975)  
Crocodylus johnstoni 2 Water only Grigg & Alchin (1976)  
Physignathus lesueurii 6 Water only This paper  
Amblyrhynchus cristatus 2 Water & air (flow 113cms-1) Bartholomew & Lasiewski (1965) 
Alligator mississippiensis 13 Water & air (flow 300cms-1) Smith (1976)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Summary of the relationships between thermal time constant, τ, and body mass, M, in 'lizard-shaped” reptiles. 
 
Fig. 3- Thermal time constants for Chelonia in relation to body mass. The dotted lines represent the relationships described 
for "lizard-shaped" reptiles in F i g s  1  and 2. 
 
DISCUSSION 
(a) Generalizations about "lizard-shaped" reptiles 
Some generalizations can now be made about the responses of reptilian core temperature to step function 
increases or decreases in ambient temperature. 
(i) it has been long understood that large reptiles heat and cool more slowly than smaller reptiles (Colbert et 
al.. 1946) and Spotila et al. (1973) have used a model to predict thermal time constants of large reptiles. It is of 
interest to quantify the empirical relationship between ln τ and ln M and to note that there is so little variability 
between species. Over the size range for which data are available (four orders of magnitude) strong predictive 
relationships exist for heating and cooling in water and in air. 
(ii) Thermal time constants for cooling exceed those for heating, as discussed by the authors of the source 
material. 
(iii) The equation for the relationship between surface area and mass (Fig. 1) was derived from data presented 
by Norris (1967). The similarity of the slope of this line to the lines describing heat exchange in water is 
impressive and intuitively reasonable. However, as we shall see below, the surface area to mass ratio is only one 
among a number of factors which determine the way in which thermal time constant scales with increasing body 
size. 
(iv) The regression coefficients of the relationships in air are less than those in water. This is as predicted by 
even a simple model; see (c), below. 
(v) The results extend to all "lizard-shaped" reptiles the observation of Smith (1976) that alligators larger 
than about l0kg may heat in air more rapidly than they cool in water (see Fig. 2). Figure 2 suggests that, in 
reptiles larger than 50-60 kg, thermal time constants for heating or for cooling in water may exceed those in air. 
This apparent paradox is resolved by a modelling approach as discussed below. 
(vi) In alligators, Smith (1976) described a decrease in the ratio of n/re with increasing body size. This trend 
appears to be typical of lizard-shaped reptiles in both water and air. Unlike Smith however, we do not take this to 
mean necessarily that larger reptiles have greater capabilities for physiological adjustments between cooling and 
heating. Rather, an increase or decrease in the ratio of τh/τc with increasing body size depends on those factors 
which determine the way in which τ scales with increasing mass. If the slopes in the relationships between ln τ and 
ln M for heating and cooling are parallel, converge or diverge with increasing mass, then τh/τc will, respectively, 
remain constant, increase or decrease. This last appears to be a general situation for lizard-shaped reptiles (Fig. 2}, 
indicating that c scales differently in heating and cooling reptiles, τ in cooling reptiles being more mass-dependent. 
There is no evidence to implicate the increasing domination of short-term physiological changes (e.g. perfusion) 
rather than physical factors as size increases. Nevertheless, whatever its origin, the decrease in τh/τc with increasing 
body size, together with the greater thermal inertia of larger bodies (Spotila et al., 1973), will favour the 
possibilities of larger reptiles enjoying thermal stability. 
 
Table 3. Source, and experimental conditions under which thermal time constant was determined in six species of Chelonia 
Species No. of individuals Experimental conditions Source 
Chrysemys picta 7 Air only (flow 20 cm s-1) Spray & May (1972) 
Pseudemys floridana 2 Water only Spray & May (1972) 
Pseudemys scripta 8 Water & air (flow 20cm s-1) Spray & May (1972) 
Pseudemys floridana 4 Water & air (flow 2361 s-1) Weathers &White (1971)
Geochelone carbonaria 1 Water & air (flow 236 t s-1) Weathers &White (1971)
Chelydra serpentina 12 Water & air (flow 2361 s-1) Weathers &White (1971)
 
 
 
Fig. 4. Two-layered models, (a) cylindrical. (b) slab. 
 
 (b) Generalizations about Chelonia 
Only few data over a relatively small size range are available for Chelonia. In those species for which data 
exist, thermal time constants are larger than in "lizard-shaped" reptiles of comparable size. It seems likely that this 
may derive partly from the more spheroidal shape seen in turtles and tortoises. With a lower surface area/mass ratio 
than lizards, one would expect turtles and tortoises to have a greater thermal stability. 
 
(c) Comparison with the predictions of a simple model 
It proved valuable to compare the generalizations discussed in this paper (Fig. 2) with the predictions of a 
simple model. Although the model was not sufficiently complex to simulate physiological changes, it provided an 
insight into the relative importance of the physical and biological factors which underlie the observed relationships. 
Theoretical aspects of heat exchange in reptiles may be considered in terms of a cylinder with an inner isothermal 
core surrounded by a layer of insulating material (Spotila et al., 1973) (Fig. 4a). The insulating layer represents the 
region where the majority of the temperature change between the core and the periphery of an animal occurs. 
Jaeger (1940) evolved a set of differential equations to describe heat exchange in such a two-layered cylinder (see 
Appendix A). Solutions to these equations by two different methods, finite difference techniques and an analytical 
approximation after Fox (1934), were found to be in good agreement. Both methods divide the cylinder into small 
elements (infinitely small in the analytical approach) whose temperature change is evaluated from the difference 
between heat influx and heat efflux. 
Analytical solutions for the cylindrical model are complex and their significance is difficult to grasp intuitively, if 
the insulating layer is thin, results which are similar qualitatively but are easier to comprehend may be achieved by 
considering a rectangular slab of infinite planar dimensions with an insulting layer overlying an isothermal layer 
(Fig. 4b). In such a model it can be shown, using the approximation of Fox (1934), that 
 
 
 
 (See Appendix B for derivation.) 
where τ= thermal time constant (seconds) 
 p = density of insulating layer (g cm -3) 
   c = heat capacity of insulating layer (cal g-1 °C-1) 
  k = conductivity of insulating layer (cal s-1 cm-1 ˚C-1) 
   l= thickness of insulating layer (cm) 
Cb = heat capacity of core(cal g-1 ˚C-1) 
h = convection coefficient together with linearized coefficient of heat transfer by radiation (cal 
cm-2 s-1 °C-1 ) 
L= lh/k, γ = (lpc/M’Cb). 
and M' = mass to surface area ratio of core (g cm-2). 
 
Note. L represents the ratio of the convection-radiation coefficient to the conductance of the insulation. L is 
proportional to the Biot modulus but is not to be confused with the Nusselt number which is calculated using the 
conductivity of the medium, not that of the insulating layer.  γ evaluates the relative importance of the heat 
capacity of the core and the heat capacity of the insulating layer. 
In this model, physiological changes that result in the observed differences between rates of heating and 
cooling could be represented by changes in the conductivity of the insulating layer. 
 
(i) Qualitative Comparisons. 
In air: In a slab model, of infinite extent, h is independent of the thickness of the insulating layer, 1. 
Whenever h and 1 are both small, as would be the case for a small animal heating and cooling in air, L<1.  
1 n such a case 
 
 
 
 
Also, assuming that mass is proportional to l3 and surface area is proportional to l2 then, as y is constant in 
this case, τ x M 1/3 This is similar to the observed relationships in air (Fig. 2). 
In equation 2, τ is independent of k. This implies that very small reptiles should heat and cool at the same 
rate in air because most of the temperature drop in small animals occurs across the boundary layer at the air-
animal interface. This reasoning may explain the intersection of the lines for air in Fig. 2. With increase in 
size, the model predicts increasingly important influence of the effect of the insulating layer and, hence, 
divergence of the lines representing the relationship between ln τ and ln M for heating and cooling. This 
divergence, predicted by the model, is seen in Fig. 2. 
In water: For heat exchange in flowing water, h  i s  much larger than for heat exchange in air. Therefore, L 
> 1 ,  and, if the insulating layer is thin, y is < l. Hence L > y so that 
 
This implies that, in water, τ is independent of L  and therefore of h  also. Physically this is because when 
L is large, skin surface temperature is close to ambient temperature. However, the inverse proportionality 
between r and k suggests that rates of heating and cooling would be different over the whole size range, as 
seen in Fig. 2. Furthermore, assuming that k is independent of M, the model predicts that the lines for heating 
and cooling in water (Fig. 2) should be parallel. 
Linear extrapolation of the data (Fig. 2) suggests that reptiles greater than 50-60kg may have thermal time 
constants for cooling (or heating) in water which may exceed those for cooling (or heating) in air. This 
apparent paradox is resolved by the model because even though h  is small in air, l is large in a large animal 
and as size increases L becomes much greater than one. As can be seen from equation 3, if L > 1 .  then the 
convection-radiation coefficient (h) has little effect on the time constant. Hence the regression lines for 
heating (or cooling) in water and those for heating (or cooling) in air converge as size increases, but they 
should not intersect. Where there is significant evaporative cooling, this result may not be valid. 
 
Fig. 5. Predicted relationships between thermal time constants and body mass for a two-layered model heating and 
cooling in air and water. Note the non-linearity of the upper line. 
 
The slopes of the regressions of ln τ on ln M for heating and cooling in water (0.61-0.66) are similar to the 
slope of the relationship between surface area and mass (0.69). However, as can be seen from equation 3,  
factors other than just surface area to mass ratio determine τ .  
The qualitative comparisons presented here could be demonstrated more clearly with a one-dimensional 
model of zero heat capacity. However the Fox approximation (Fox, 1934) does illustrate the characteristic 
complexity introduced by an insulating layer with significant heat capacity. 
 
 
Fig. 6. Predicted effect of wind velocity on the relationships between thermal time constants and body mass for a two-
layered model heating and cooling in air. 
 
Table 4. Predicted and actual regression coefficients as a function of y, k, c and the medium, where ln τ = a + b ln M. k = 
thermal conductivity (cal cm-1 s-1˚C-1); c = fluid speed (cms-1): y = lpc:M'Cb (dimensionless): C = cooling; H = heating 
Empirical 
h 
Theoretical 
b
Empirical
a
Theoretical 
a y k v Medium 
0.44(C) 0.48 0.42 0.24 0.4 0.001 150 air 
0.36 (H) 0.45 0.72 0.32 0.4 0.004 150 air 
- 0.51 - 0,19 0.4 0.0005 150 air 
- 0.46 - 0,28 0.2 0.001 150 air 
- 0.50 - 0.20 0.8 0.001 150 air 
- 0.45 - 0.84 0.4 0.001 50 air 
- 0.50 - -0.16 0.4 0.001 300 air 
0.66(C) 0.66 -2.1 -2.6 0.4 0.001 150 water 
0.61(H) 0.64 -2.1 -3.7 0.4 0.004 150 water 
- 0.66 - -2.0 0.4 0.0005 150 water 
- 0.65 - -3.1 0.2 0.001 150 water 
- 0.66 - -2.2 0.8 0.001 150 water 
- 0.65 - -2.6 0.4 0.001 50 water 
- 0.66 - -2.6 0.4 0.001 300 water 
 
(ii) Quantitative comparisons. 
In order to make quantitative predictions of thermal time constants for reptiles heating/cooling in water 
and air, plausible values for y, f, p, c, k and h  were substituted into the cylindrical formulation (see 
Appendix A). Wissler (1963) gave a value for p c  (  = pbcb), of 0.9 cal cm-3 ˚C-1. A value for h  in air was 
determined for forced, non-turbulent air-flow at 150 cm s-1 based on a convection coefficient given by 
McAdams (1954) and a coefficient of heat transfer by radiation given by Carslaw & Jaeger (1959). Because 
no exact data in the required range of Reynolds number could be found for the convection coefficient in water, 
we used an estimate from Carslaw & Jaeger (1959). To mimic the physiological differences seen in heating and 
cooling, we used two different values for thermal conductivity of the insulating layer. The first, k = 0.001 cal 
cm-' s-1 °C-', is the thermal conductivity of non-perfused human tissue, according to Wissler (1963). We used 
this in the model as a value for thermal conductivity of the insulating layer during cooling. The second value, k 
= 0.004, takes perfusion into account and is taken from studies by Winslow & Herrington (1949) who measured 
"effective thermal conductance" of perfused human tissue. We used this value in the model to represent thermal 
conductivity of the insulating layer during heating. For an animal of 1kg, the best fit of data was obtained when 
y equals 0.4, so this value of y was then used throughout. The ratio of 1 to the radius of the cylinder is a function 
of y, and when y = 0.4, the thickness of the insulating layer would be 0.4 cm in a 1 kg reptile. 
By substituting these values for pc, y, k and h in the expressions describing the cylindrical model, time 
constants were calculated as a function of body mass for heating and cooling in air and water. Fig. 5 is a plot of 
time constant as a function of mass in each of the four cases. and is an attempt to simulate the empirical 
observations seen in Fig. 2 The curves mimic the empirical relationships in broad detail That is, the model 
predicts the large difference between the slopes of heating/cooling lines in air and water, as well as the gradual 
divergence of heating and cooling lines in sir and the similar slopes of the lines for heating and cooling in water. 
Figure 6 shows the effect of wind velocity on time constant and suggests the desirability of standardizing 
experimental conditions in future work. Variations in water velocity had a negligible effect. 
To demonstrate the sensitivity of the model td changes in its parameters, time constants were recalculated 
using different values of y, k and h (See Table 4). Coefficients in the regression equation ln τ = a + b ln M were 
then determined for each set of values by a least squares method. The resultant coefficients are given in Table 4. 
As can be seen, the qualitative conclusions are not altered by even large variations in y, k and h. 
The virtue of this simple model is that it enables a conceptual grasp of the factors affecting rates of heat 
exchange. Some difficulties are created by the simplistic treatment, for example, "effective thermal 
conductivity" may not be independent of body size and, furthermore, the model does not account for any 
metabolic heat production or evaporative cooling. A more complex model, such as that developed by Wissler 
(1964) for human studies, would be required for a rigorous quantitative assessment. 
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APPENDIX A 
Jaeger' s equations  
 
 
where T = temperature (˚C) 
TA= ambient temperature (˚C)  
r = radial distance (cm) 
Rc = radius of core  
Ro = radius of animal 
V = initial temperature of animal  
t = time (s) 
 
APPENDIX B 
Fox's (1934) approximation described the heat flow across an insulating layer when the heat capacity of 
the layer is small (but not negligible) compared to the heat capacity of the core. In a first approximation, 
Fox neglected the heat capacity of the insulating layer, then recalculated the heat flow across the insulation 
using this approximation. 
Fox showed that the heat flow across the insulating layer into the core may be calculated using the 
following formula: 
 
 
 
H = heat flow per unit area into the core (Cal CM-2 s-') 
To = temperature of core 
o= the product of density and specific heat as a function of position. 
This formula holds only if the width of the insulation layer is small compared to the radius of the animal. 
If TA k and o are constant, then 
 
 
equation Bl becomes 
 
Carslaw & Jaeger (1959) state that the heat flow per unit time per unit area equals-k(cTcr). Hence, it can be 
seen, using equation A2 in Appendix A, that H should be equal to –M’c(cT:ct).Thus equation B2 becomes 
 
 
 
If both sides of equation B3 are divided by pcl and it is noted that 
 
then equation B3 becomes  
 
 
 Solving for dTo dt 
 
 
 
This is a simple differential equation, which if integrated yields an exponential equation in t with a time 
constant 
 
 
